A high-voltage transverse pulsed nanosecond discharge with a slotted hollow cathode was found to be a source of high-energy (few kV) ribbon electron beams. Conditions for the formation and extinction of electron beams were experimentally studied in discharges in helium at pressures of 1-100 Torr. It was found that interaction of fast electrons with a non-uniform electric field near the slotted cathode led to limitation of the magnitude of the discharge current. A physical model was developed to describe the discharge current self-limitation that was in satisfactory agreement with the experimental results. Some technical solutions that are expected to increase the upper current limits in transverse nanosecond discharge are discussed.
Introduction
The breakdown of a high-voltage pulsed discharge in inert gas is, under some conditions, accompanied by formation of high-energy electron beams in the discharge space. In recent years electron beams have been found experimentally in nanosecond electrical discharges in inert gases at pressures up to 1 atm [1] [2] [3] [4] [5] [6] [7] [8] . For practical applications, non-equilibrium and non-stationary low-temperature plasmas with a large area ('plasma sheet') are of great interest and are widely used in various technological processes (plasma and ion beam etching, plasma-chemical deposition) and as sources of pulsed optical radiation [9, 10] . One of the methods for large plasma generation employs gas ionization by high-energy ribbon electron beams. Thus, experimental studies of transverse nanosecond discharges with a lengthy slotted hollow cathode that generate high-energy (1-10 kV) ribbon electron beams are of scientific interest and merit [11, 12] . These works were the first detailed studies of the mechanisms of formation of high-energy electrons in a gaseous medium in the process of electrical breakdown. In such conditions it is possible to form plasma-beam discharges without using bulky external electron accelerators.
The goal of our work was experimental study of the mechanisms responsible for the current limitation of transverse pulsed nanosecond discharges with a lengthy slotted cathode in helium at pressures of 1-100 Torr.
Experiment
A transverse pulsed nanosecond discharge was ignited between two aluminum electrodes, each 40 cm long, separated by 0.6 cm and inserted in the quartz tube of diameter 5 cm and length 50 cm. The anode was a flat plate 2 cm wide and 0.5 cm thick. The hollow cathode was a rod of diameter 1.2 cm having a slot of width 0.2 cm and depth 0.6 cm (figure 1). Such a cathode shape provided stable discharge operation at high gas pressures. All measurements were made during discharge in helium at pressures p He =1-100 Torr with the voltage applied between anode and cathode U 0 =0.5-5.0 kV.
Measurements of discharge current and voltage were carried out using a resistive shunt and calibrated voltage divider. Discharge radiation was measured with a high-speed photo-electron multiplier H6780 (Hamamatsu). The spatialtemporal dynamics of the discharge evolution was studied using a computerized high-speed camera (Princeton Instruments PI-MAX 3 ICCD camera) in the mode of single-shot images of the discharge after specified intervals. A general block diagram of the experimental setup is shown in figure 2 .
(A detailed description of experimental setup and the registration systems for the discharge electrical and optical characteristics is given in [8] .)
Results and discussion
Systematic experimental studies of pulsed nanosecond discharges have shown that, depending on the parameter E/N and plasma density n e , there are three forms of nanosecond discharge: (a) stratified discharge; (b) three-dimensional uniform discharge with a ribbon electron beam; and (c) highdensity current discharge with areas of high electric field and charged particle accumulation (focusing) [13] .
A ribbon electron beam of length40 cm is formed at the entrance of the slotted cathode at gas pressures p10 Torr and pulse voltage amplitudes U 0 1 kV when the free path length of fast electrons accelerated in the cathode-fall voltage is larger than cathode slot width. With their motion in the discharge plasma, the beam electrons undergo collision momentum and energy relaxation. The ionization friction increases slowly towards the anode while electron motion in the area beyond the discharge center is not beam-like or controlled by hydrodynamic laws.
The calculations made using experimentally obtained helium discharge electric characteristics at pressure p=10 Torr and voltage U 0 =2 kV have shown that the electron beam current on the anode surface is 20% lower than the anode discharge current [14] . The increase in U 0 to 2.5 kV causes growth of the electron beam intensity. It was experimentally found that in a plasma-beam discharge at voltages U 0 2.5 kV, the areas of electric field and charged particle accumulation (focusing) were formed as the result of nonlinear interaction of the electric field with charged particle beams. These areas cause degradation of ribbon electron beams and self-limitation of discharge current.
Photographs of discharge structures, oscillograms of the discharge pulsed current and the amplitude of the voltage pulses are given in figure 3 . It is seen that the bright elliptical plasmoid with a maximum intensity in its center is formed at the entrance of the cathode gap (slot). The length of discharge current pulse is 100 ns, while the time delay between two oscillograms is 50 ns. Each oscillogram has two maxima separated by 70 ns; the magnitude of the first maximum is twice that of the second one. It appears that two maxima of optical radiation intensity are associated with two maxima of the pulsed current. The length and shape of the current and radiation pulses are believed to be determined by the dynamics of discharge structure formation that substantially affect current transport in the discharge space.
It is known that in gaseous discharges under certain conditions, electric energy from an external source could be used for structuring the medium and its successive modification caused by mass asymmetry of charged particles. As a Figure 1 . A scheme of the discharge chamber and electrodes: 1, quartz tube; 2, anode; 3, cathode; 4, 5, inflow and pumping out of gas, respectively; 6, dielectric limiter of the discharge region. Block diagram of the experimental setup, with an ICCD PI-MAX 3 camera: 1, spectrograph Acton SP-2300i; 2, lens; 3, discharge tube; 4, slotted cathode; 5, ICCD PI-MAX 3; 6, timing circuit; 7, oscilloscope; 8, data collection and processing system; 9, pumping pipeline.
result the modified medium becomes charged with jumps and layers [15] . The formation of the structures occurs due to activation of themedium and its deviation from neutrality. This process is accompanied by pulsation of the electric field and plasma particles beams, in both space and time. In nanosecond discharges employing a cathode with a slotted rectangular cavity, similar process of plasma structure formation that lead to self-limitation of current were observed at discharge voltages exceeding 2.5 kV (figure 3). The intensity ofoptical radiation from the bright plasmoid formed at the entrance of cathode cavity substantiallyexceeds the radiation intensities from other parts of the discharge. This is evidence of the non-uniform spatial distribution of charged particles and excited atoms in the studied nanosecond discharge. The experiment showed that, under certain conditions, spacecharged regions with dimensions substantially exceeding the Debye radius could be formed. At typical experimental conditions with plasma density n e ∼10 13 cm −3 and electron average energy T e ∼1 eV, the Debye radius r d is about 10 −4 cm. While the characteristic length of plasma density and spatial variation of the radial electric field is 0.1 cm (see figure 3) .
Since electron drift velocity in helium is much larger than ion drift velocity, electrons leave the region of intensive ionization, forming a region with non-compensated positive charge. This region becomes the virtual anode that collects plasma free electrons thereby limiting discharge current.
To study discharge dynamics and virtual anode formation, we made measurements of the spatial distribution ofoptical radiation using a high-speed camera at various figure 4 . It is seen that at high voltage on the capacitor of the pulsed voltage generator (PVG), the plasma penetrates into the cathode cavity twice (figure 4; t=40 ns and t=90 ns). This is accompanied by the formation at the entrance of cathode cavity of the bright luminous plasmoid that at a certain stage of discharge evolution becomes a virtual anode ( figure 4, t=60 ns) .
To make analyses of experimentally obtained data on the evolution of the plasma structure at the entrance to the ; initial potential f=2.1 cgs units.
cathode cavity of a nanosecond discharge, we developed the system of differential equations that consists of balance equations for electrons and ions and the Poisson equation. The estimations made for nanosecond discharges in helium at p He =10-50 Torr with (E/N) p ≈100 Td have shown that electron and ion diffusion, ion convection transport and gas thermal diffusion are not responsible for plasma structure formation near the entrance of the cathode slot. The role of two-step ionization is also negligible. The plasma electric field is assumed to be determined only by direct electronatom collision ionization and by electron drift transport in the electric field formed by the space charge. Based on these assumptions, we included in the system of equations only direct electron-atom collision ionization and electron drift from the discharge space. The following comprise the system of equations in the first stages of discharge formation: where u m = E ,
=´-e 4.803 10 10 cgs units, L=0.6 cm and y 1 =0.1 cm.
Zero and boundary conditions were determined experimentally: 
Hereψ(r) is a function of the electrical potential transverse distribution profile. Note that at zero and boundary conditions, the plasma density spatial distribution is assumed to be non-uniform. The specific feature of our modeling is that it includes transverse non-uniform charged particle drift at the entrance of the cathode slot that results in the formation of a small localized area with a very high electric field.
The solution was found by applying method of finite differences. In particular, the third equation was solved with the help of Libman's method of iteration [10] [11] [12] . In the numerical simulation, the maximum electron density was determined from the conductivity of the discharge, estimated from the current-voltage characteristics. The mean energy of the plasma electrons was determined from the relative intensities of the spectral lines of helium atoms. Then these data were used to estimate the Debye radii. As a result, electron, ion and electric field potential spatial distributions in the plasma-beam discharge were calculated at different zero and boundary conditions. A typical three-dimensional profile of the electric field potential is shown in figure 5 .
The calculations have shown that at non-uniform axial and transverse drift of electrons and ions causes the formation of a non-compensated space charge and non-uniform electric field. The result is the formation of a small localized area with a very high electric field strength ( figure 5(b) ).
To find and eventually control the electron energy relaxation velocity we studied the formation dynamics of the nanosecond discharge with dielectric walls 'restricting' the discharge in transverse directions. In such a case, accelerated electrons leaving the discharge plasma in transverse directions are blocked in the discharge gap by the negativewall potential. This leads to an increase in the atom ionization velocity and hence to an increase in plasma density. Due to the high-density plasma, the nanosecond discharge current restricted (bounded) in the transverse direction by dielectric walls is higher than that of the 'open' (i.e. without dielectric walls) discharge.
Oscillograms of the discharge burning voltage and current measured in 'open' and 'bounded' pulsed nanosecond discharges in helium are shown in figure 6 . It is seen that the voltage and current pulses in two different types of nanosecond discharge ('bounded' and 'open') have different amplitudes and lengths. Table 1 summarizes the main characteristics for the unlimited and limited discharge estimated from the experimental results of measurements of currentvoltage characteristics and the spatial structure of the discharge.
Under some conditions, the use of dielectric walls to 'restrict' the pulsed nanosecond discharge in the transverse direction could increase the discharge current growth rate to 3× 10 3 A s −1 and the discharge current amplitude by more than 10 times.
Conclusion
Experimental study of pulsed nanosecond discharges ignited by high voltages has shown that an area of non-compensated positive charge can be formed at the entrance to the cathode cavity. This area works as the virtual anode and collects plasma free electrons thereby causing self-limitation of the ultimate discharge current and degradation of the electron ribbon beam. To increase the upper current in pulsed nanosecond discharges with a slotted cathode one can use dielectric plates to restrict and bound the discharge in a transverse direction.
